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Highlights 
• Hypothalamus circuits support physiological regulation of homeostatic processes. 
• Both peptidergic and GABA/Glutamate neurons from the lateral hypothalamus 
regulate metabolism and sleep-wake states.  
• How single hypothalamic circuit controls sleep and metabolism remains unclear. 
• The functional connectivity of sleep and metabolic circuits awaits further 
investigation. 
 
Abstract 
The anatomical and functional mapping of lateral hypothalamic circuits has been 
limited by the numerous cell types and complex, yet unclear, connectivity. Recent 
advances in functional dissection of input-output neurons in the lateral hypothalamus 
have identified subset of inhibitory cells as crucial modulators of both sleep-wake 
states and metabolism. Here, we summarize these recent studies and discuss the multi-
tasking functions of hypothalamic circuitries in integrating sleep and metabolism in 
the mammalian brain.  
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Introduction 
Sleep and wakefulness are two mutually exclusive behaviors. Sleep is “a rapidly 
reversible state of (behavioral) immobility and greatly reduced sensory 
responsiveness to environmental stimuli” (Siegel, 2008). Sleep-like states occur in 
lower vertebrates and throughout the animal kingdom, suggesting an ancient and 
strongly conserved mechanism necessary for primary and essential biological needs 
(but see (Siegel, 2008)). Sleep is important for brain maturation, cognitive processing 
and metabolite clearance in the brain. Sleep strongly depends on previous activity 
during wakefulness and prepares the brain and the body for future actions, yet our 
understanding of the neurobiological mechanisms underlying brain control of sleep-
wake states is limited. 
 
Here, we briefly summarize neuronal circuits underlying sleep-wake states with an 
emphasis on hypothalamic circuits. Other excellent reviews have recently summarized 
brain substrates of sleep-wake cycle (R. E. Brown et al., 2012; Fort et al., 2009) and 
food intake or metabolism (Sternson, 2013; Waterson and Horvath, 2015). 
The control of sleep-wake state alternation is supported by distinct cellular networks 
(neuronal and non-neuronal cells) distributed across the central nervous system. The 
"stability" of this cycle is important for the proper functioning and the survival of the 
organism/species. In mammals, states of wakefulness, non-rapid eye movement (non-
REM, or slow wave sleep) and rapid eye movement (REM, sometimes called 
paradoxical sleep) sleep are characterized by distinct electroencephalogram (EEG), 
electromyogram (EMG) and electrooculogram (EOG) signal features and cycle with 
both ultradian and circadian periods (Brown et al., 2012; Saper et al., 2010). 
Wakefulness is characterized by high-frequency/low-amplitude cortical EEG 
oscillations (4-300 Hz), muscle activity and ocular movements.  
After prolonged period of wakefulness, sleep pressure - which reflects a process 
called sleep homeostasis - increases and leads to the onset of NREM sleep. Cortical 
oscillations show both global and local oscillations composed of slow waves (< 1 Hz), 
high-amplitude delta oscillations (0.5-4 Hz), and spindles (9-15 Hz) accompanied by 
low muscle activity and the absence of ocular movement. REM sleep is a singular 
sleep state signalled by predominant EEG theta (6-9 Hz) , and a complete 
disappearance of postural muscle tone (only muscle twitches persist), and fluctuation 
of the heart and breathing rates accompanied by rapid eye movements are frequently 
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observed during that state. While each of these states is mutually exclusive, sign of 
intertwined states occur under homeostatic challenge (e.g., sleep pressure or after 
learning) in local part of the cortex (Funk et al., 2016; Huber et al., 2004; Vyazovskiy 
et al., 2011).  
 
Although the neurobiological mechanisms controlling the recurrence of these states 
across a 24 hour-period remain unclear, lesion, pharmacological and (opto)genetic 
studies strongly suggest that the onset, maintenance and termination of wake, NREM 
and REM sleep states relies on excitation/inhibition between distinct circuits 
distributed across the entire central nervous system (Fort et al., 2009; Luppi et al., 
2016). In particular, unit recording in head-restrained animals revealed that 
wakefulness is associated with increased activity of the hypocretin/orexin (Hcrt/ox)-
expressing neurons in the lateral hypothalamus, the noradrenergic locus coeruleus 
(LC)-expressing neurons in the brainstem, the serotoninergic dorsal raphe nuclei 
(DRN) in the brainstem, the histaminergic tuberomammilary nucleus (TMN) in the 
posterior hypothalamus, the cholinergic pedunculopontine (PPT) and laterodorsal 
tegmental (LDT) nuclei in the midbrain, as well as cholinergic neurons in the basal 
forebrain (reviewed in (R. E. Brown et al., 2012)). During NREM sleep, the activity 
of thalamo-cortico-thalamic circuits is highly synchronized and generates slow EEG 
oscillations as shown from in vivo recording of freely-moving animals. Similarly, 
inhibitory neurons in anterior hypothalamic (Alam et al., 1995; Zhang et al., 2015) 
and brainstem (Anaclet et al., 2014) structures are strongly active, however, their 
functional link to thalamo-cortical and cortical networks remains unclear. During 
REM sleep, inhibitory cells from the anterior (Lu et al., 2002) and the lateral 
(Clement et al., 2012; Jego et al., 2013; Verret et al., 2003) hypothalamus, as well as 
glutamatergic and GABAergic neurons from the brainstem (Luppi et al., 2006) were 
found to be strongly active using immediate early gene detection and in vivo 
recordings. 
 
Amassing literature highlighted a dual role for sleep-wake circuits in the brain. For 
instance, norepinephrine neurons from the locus coeruleus represent a major hub for 
wakefulness, but also control stress response and attention during cognitive 
processing (Aston-Jones and Bloom, 1981; Bouret and Sara, 2005). Similarly, sleep 
and sedation circuits located in the anterior hypothalamus (VLPO, LPOA, etc.) 
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concomitantly regulate body temperature (Schmidt, 2014; Szymusiak and Satinoff, 
1981; Zhang et al., 2015). More caudally, neurons in the lateral hypothalamus (LH) 
expressing hcrt/ox, MCH, GABA and glutamate possess both sensing and controlling 
modalities, as their firing activity is strongly modulated by metabolic products both in 
vitro and in vivo (amino acids, glucose, etc.) (Burdakov et al., 2005; Karnani et al., 
2011). Furthermore, the same cell types are also involved in the hypothalamic control 
of wakefulness, including Hcrt neurons and a subset of LH cells expressing VGAT , 
and both NREM and REM sleep, as exemplified by MCH cells (see below). These 
findings are discussed below and support the hypothesis that lateral hypothalamic 
circuits control both sleep and metabolism through multi-tasking networks. In a 
translational aspect, clinical and experimental studies report a high prevalence of 
metabolic syndrome associated with sleep disorders and vice versa. Patients with 
chronic sleep restriction, fragmented sleep or short sleep night present an increased 
risk for metabolic pathologies including diabetes and obesity, cardio-vascular risks, 
mood disorders and hormonal imbalances (J. A. Brown et al., 2015; Van Cauter et al., 
2008). 
 
This association suggests the existence of underlying circuitries that regulating both 
sleep/wake states and metabolism, as previously proposed (Adamantidis and de 
Lecea, 2008). How sleep-wake circuit shares food intake or metabolic functions ? 
Both cellular/molecular and recent circuit evidence support these integrative 
properties amongst hypothalamic circuits. Here, we summarize recent findings linking 
sleep-wake state and metabolism and discuss lateral hypothalamic mechanisms 
underlying this patho-physiological associated symptom and point some future 
direction for the investigation for circuit multi-tasking properties.  
 
Lateral hypothalamic (LH) circuitries in sleep-wake control 
The LH is a homeostasis center that orchestrate food intake, metabolism balance, 
behaviours directed towards natural- (food, sex) and artificial- (drug) rewards 
(Bernardis and Bellinger, 1993; Saper et al., 2005; Stuber and Wise, 2016), and sleep-
wake states (R. E. Brown et al., 2012; Saper et al., 2010). It contains multiple cell 
types with unique neurochemical profiles, vesicular transporter (s) (Collin et al., 2003; 
Rosin et al., 2003; Ziegler et al., 2002), connectivity (Ekstrand et al., 2014), 
membrane receptors (Leinninger et al., 2009) or functions. In contrast to the laminar 
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structure of cortical or hippocampus networks, LH circuitries form an intricate local 
and extensive network of excitatory and inhibitory cells with no apparent anatomical 
features. Here, we will summarize recent studies on LH substrates of arousal, sleep 
and metabolism.  
 
Electrophysiological recordings of LH cells across the sleep-wake cycle identified a 
wide variety of neurons activity of which correlates with NREM or REM sleep and/or 
wake states (R. E. Brown et al., 2012), suggesting the existence of neuronal 
(sub)populations with sleep- and wake-inducing properties. Indeed, neurons 
expressing Hypocretins/Orexins LHHcrt - (Hcrt1,2, also known as OrexinsA,B (Sakurai 
et al., 1998)) and histamine (LHHis) represent wake-promoting systems (Lee et al., 
2005): their cellular activity is typically low during quiet waking and highest during 
attention and active waking, and ceases firing almost completely during NREM and 
REM sleep. Accordingly, the activation of the Hcrt system correlates with 
arousal/alertness associated with a stress response, stress-induced cocaine 
reinstatement, opioid addiction (Sakurai, 2014) and sensory stimulus (Hassani et al., 
2016). Consistent with this correlative evidence, their optogenetic activation increases 
the probability of sleep-to-wake transitions (Adamantidis et al., 2007), defining an 
arousal circuit that is gated by sleep pressure (Carter et al., 2009) and relayed, at least 
in part, by LCNE and TMNHis neurons (Eriksson et al., 2001; Schöne et al., 2014). 
 
In contrast, REM sleep-active neurons have been described in the LH, including the 
GABA and MCH neurons using functional neuroanatomy (i.e., histological detection 
of neuronal activity marker protein c-Fos) and juxtacellular recording in vivo 
(Clement et al., 2012; Hassani et al., 2010; 2009) while NREM sleep-active neurons, 
that express galanin peptide, were recorded in the anterior hypothalamus of sleeping 
rats (Alam et al., 1995). Consistent with these correlative findings, recent studies 
demonstrated a sleep-promoting role for the MCH system. LHMCH neurons express 
MCH peptide and several other peptides (nesfatin, CART, MGOP), together with the 
glutamate decarboxylase gene GAD67/65 that produces GABA (Clement et al., 2012; 
Elias et al., 2001). These findings suggested an inhibitory nature that has been 
recently confirmed by functional circuit mapping (Jego et al., 2013). Note that a study 
suggested that MCH neurons release glutamate in the septum (Chee et al., 2015), 
though the importance of this sub-population awaits further confirmation.  
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During a sleep rebound, a large number (60%) of c-Fos+ cells (marker of neuronal 
activity) are immuno-reactive for MCH peptide whereas Hcrt neurons are not. Indeed, 
MCH neurons show a discharges profile - maximal during REM sleep, low during 
NREM sleep and minimal during wakefulness - that is opposite to the activity of 
hcrt/ox cells (Hassani et al., 2009). In addition, intracerebroventricular (icv) infusion 
of MCH in rats causes hypersomnia by dose-dependent increases of SWS (+70%) and 
REM sleep (+200%) amounts (Verret et al., 2003), later confirmed by chronic 
optogenetic stimulation (Konadhode et al., 2013; Tsunematsu et al., 2014), whereas a 
MCH-R1 antagonist has the opposite effect (Ahnaou et al., 2008). Consistent with 
these correlative findings, acute optogenetic activation of MCH neurons at the onset 
of REM sleep extended the duration of REM, but not non-REM sleep episodes (Jego 
et al., 2013). The latter result contrast with the previous studies and reveals the 
importance of acute vs chronic optogenetic stimulations. Jego et al used an acute 
stimulation that was time-locked to REM or NREM sleep episode, while others used 
chronic stimulation that were randomly delivered throughout the sleep-wake cycle, 
which ultimately induced a non-physiological sustained activity of MCH neurons, as 
compared to their REM sleep profile observed during juxtacellular recordings in head 
restrained rats (Hassani et al., 2009). In contrast, acute optogenetic silencing of MCH 
neurons reduced the frequency and amplitude of hippocampal theta rhythm, without 
affecting REM sleep duration, suggesting a backwards transition to NREM sleep, 
possibly through distributed inhibition of arousal center outside the hypothalamus.  
 
Recent studies investigated the sleep and metabolic roles of other subsets of 
GABAergic cells in the LH using both functional and genetic tracing methods 
(Clement et al., 2012; Hassani et al., 2010; Herrera et al., 2015; Jennings et al., 2015). 
Note that the whole GABAergic neuron population in the LH consists of cell 
expressing VGAT, GAD 65/67, the long-form of the leptin receptor or MCH peptide. 
To date the precise co-expression of each of these markers within inhibitory cells of 
the LH remains unknown. Studies have used transgenic animals expressing the Cre 
recombinase in cells expressing the vesicular GABA transporter (VGAT), or 
detection of GAD 65/67 transcripts, hereafter refer as to LHVGAT or LHGAD67, 
respectively. Subsets of LHGABA are active predominantly during wakefulness or REM 
sleep (state of cortical arousal and consciousness), as shown in juxta-cellular 
recording in vivo (Hassani et al., 2010). LHGAD67 neurons send descending projections 
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to the brainstem of the pons, where neurons involved in promoting wake or regulating 
REM sleep states are located (Clement et al., 2012), as well as ascending projections 
to the cerebral cortex (Manns et al., 2000). Collectively, these results suggested a 
strong anatomical heterogeneity amongst LHGABA neurons in controlling brain states. 
Although juxta-cellular recording suggested the existence of REM sleep active 
LHVGAT neurons (Hassani et al., 2010), no experimental evidence has identified the 
subpopulation responsible for this effect yet. Therefore, we will focus our attention on 
their control of arousal.  
Consistent with their activity during wakefulness, acute optogenetic activation of 
LHVGAT neurons promotes rapid arousal (Herrera et al., 2015). More specifically, 
those that mono-synaptically project to the thalamus reticular nuclei, hereafter refer to 
as LHVGAT-TRNGABA circuit, represent a major arousal circuit of the hypothalamus 
(Herrera et al., 2015) (Figure 2). In contrast, its optogenetic activation during REM 
sleep had no effect, suggesting that the LHVGAT-TRNGABA circuit is involved in 
NREM sleep, but not REM sleep-to-wake transitions. In contrast, a subset of LHVGAT 
cell projecting to the locus coeruleus induced arousal response independent of the 
brain states of the animal (Herrera et al., 2015). Through its direct feed-forward 
disinhibition of thalamo-cortical network, this LHVGAT-TRNGABA arousal circuit 
showed significant potency at inducing emergence from deep anaesthesia (Herrera et 
al., 2015). Interestingly, this effect was faster than pharmaco-genetic activation of 
LCNE neurons in inducing arousal and emergence from anesthesia (Vazey and Aston-
Jones, 2014), suggesting that the LHVGAT-TRNGABA circuit represents a potent arousal 
circuit that promotes arousal from NREM, but not REM, sleep. Overall, this latter 
result support the idea that there is a high specification, rather than redundancy, 
amongst arousal circuits in the brain. 
  
LH circuitries: multitasking sleep/arousal and metabolism ? 
Interestingly, while acute optogenetic stimulation of LHVGAT cells during RNEM 
sleep provoked rapid arousal (Herrera et al., 2015), their chronic optical activation 
during wakefulness induced a sustained food intake response (Jennings et al., 2015). 
These findings provide a causal evidence for a dual role of these cells in sleep and 
metabolism.  
 
Appetite is regulated by the interaction between metabolic and hormonal signals and 
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the central nervous system. The hypothalamus regulates energy homeostasis (i.e. food 
intake and energy expenditure) by sensing circulating hormones including leptin, 
ghrelin, glucose, amino acids, and integrating autonomic, endocrine and 
environmental signals into coherent goal-directed behaviors (Sternson, 2013; 
Waterson and Horvath, 2015). Leptin inhibition of arcuate neurons that coexpress 
neuropeptide Y (NPY) and agouti-related peptide (AGRP) and excitation of 
proopiomelanocortin (POMC) neurons, that also co-express cocaine- and 
amphetamine-related transcripts (CART), originally define the "first-order" circuits of 
food intake (Schwartz et al., 2000; Sternson, 2013) (but see Ref. (Chen et al., 2015; 
Waterson and Horvath, 2015)). Additional circulating factors reveal a more complex 
mechanism, as shown by the discovery of ghrelin, an appetite-stimulating hormone 
from the gut that has the opposite effect. Thus, activation of POMC/CART and 
NPY/AGRP neurons has anorexigenic and orexigenic properties, respectively. Thus, 
"First order" arcuate neurons responsible for energy-sensing project to "Second 
order" lateral hypothalamus (LH), where environmental, compulsive, 
rewarding/hedonic signals - from extra-hypothalamic afferences including PFC, 
amygdala, BF, BNST, PB, LS, VP, etc. - are integrated to the homeostatic component 
of the initial response into a coordinated innate/purposive/directed behavior (Seeley 
and Woods, 2003). “Second order” neurons include cells in the medial and lateral 
hypothalamic areas producing Hcrt, MCH, CART, Neurotensin, Nesfatin, 
endocannabinoids, and in a broader view LHGABA and LHGlu neurons. Note that 
"Second order" neurons in the LH also have sensing capabilities (Brown et al., 2015; 
Burdakov et al., 2005), and may shunt arcuate nucleus mediated metabolic control. 
Whether and how “Second order” circuit have a preponderant role on food intake than 
the "First order" circuit remains unclear and await further investigation. Here, we will 
focus on the LHGABA cells since others systems have not been evidenced or are 
reviewed elsewhere (Brown et al., 2015; Koch et al., 2015; Sternson, 2013).  
 
Electrical and pharmacological activation of LH neurons reveal their participation to 
food intake (DELGADO and ANAND, 1953) and reinforcement process (OLDS and 
MILNER, 1954), suggesting multiple modulation of reward processing from initial 
consumption to behavioral/instrumental conditioning and stereotypic behaviors 
depending on the topography, techniques and intensity of the perturbation, the species 
considered and inter-individual response to goals (Flagel et al., 2011).  
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A collection of recent studies unravel the complex nature of LHVGAT cells based on 
their expression of VGAT, GAD, MCH or leptin long-form receptor (LepRb) markers 
(Goforth et al., 2014; Jego et al., 2013; Jennings et al., 2015; Nieh et al., 2015). In 
summary, LHVGAT cells are not MCH+, while most of MCH cells are GAD+ (Clement 
et al., 2012; Jego et al., 2013; Sapin et al., 2009). How many VGAT+ cells are also 
positive for GAD is unknown at the moment. There is an increasing appreciation that 
VGAT may not be essential for loading GABA into synaptic vesicles, and other 
vesicular transporters such as VMAT2 could also mediate this function (Tritsch et al., 
2012). Therefore, it is likely that studies that target LH inhibitory neurons using 
VGAT (e.g., using VGAT-cre mice) do not fully capture the roles of all inhibitory 
neurons in the area. 
 
Although LHMCH are not VGAT+, we will summarize their participation of 
metabolism and appetite. Amongst the numerous roles for MCH neurons, their 
involvement in feeding behavior and energy homeostasis are by far the best 
documented (reviewed in (Pissios and Maratos-Flier, 2003; Presse et al., 2014)). 
MCH has acute short-term orexigenic properties; in fact, the MCH system is 
upregulated after fasting. Mice overexpressing MCH develop mild obesity and 
hyperphagia, whereas genetic inactivation of MCH neurotransmission (MCH KO, 
MCH-R1 KO) and ablation of MCH neurons in mice provokes leanness, hyperactivity 
and increased metabolic rate (Pissios, 2009). Interestingly, genetic deletion of the 
MCH system in leptin-deficient (ob/ob) obese mice does not alter hyperphagia of 
ob/ob animals, but induces a dramatic reduction in body fat secondary to a marked 
increase in energy expenditure (Segal-Lieberman et al., 2003).  
MCH modulation of the flow of cerebrospinal fluid was recently proposed as a 
possible mechanism for MCH neurons control of metabolism. In two separate studies, 
Conductier and colleagues found that MCH peptide positively controlled cilia beat 
frequency from ependymal cell of the ventral third ventricle. It is suggested that MCH 
neurons firing increases the flow of cerebrospinal fluid through the cerebral 
ventricles. In contrast, the lack of a functional MCH receptor increases ventricular 
size, presumably due to altered cerebral fluid flow through the ventricles. These 
findings were confirmed by optogenetic activation and silencing of MCH neurons in 
vitro which increase and decrease CSF flow, respectively (Conductier et al., 2013). 
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Ultimately, these results suggest that MCH-mediated modulation of ciliary beating 
and CSF flow participates to the response to metabolic, neuro-hormonal, and neuro-
immune changes that would result in metabolic dysfunction (e.g. obesity, etc.) in the 
absence of a functional MCH system.  
 
Beside this metabolic effect, optogenetic activation of MCH neurons has recently 
been shown to support the post-ingestive rewarding effect following food intake, 
through an increased striatal dopamine levels, while MCH neurons ablation blunts this 
effect (Domingos et al., 2013). This is consistent with a role for MCH peptide in 
initiating and maintaining behaviors that are under the control of conditioned 
reinforcers (Sherwood et al., 2012) and MCH participation in cue-evoked overeating 
of sucrose under satiety (Sherwood et al., 2015). 
 
These studies collectively demonstrate that activation of the MCH system dampens 
energy expenditure and adds up to the central and peripheral pathways (Brown et al., 
2015) involving MCH neurons in metabolism and reward value. Yet, the link between 
NREM/REM sleep, metabolism and goal-directed behaviours remains unclear. To 
date, there is no report of a feeding or metabolic response upon optogenetic 
manipulation of MCH neurons, or their cellular activity (e.g., discharge rate or 
calcium transient). A recent study observed that MCH cell activity correlates with 
novelty exploration, while they are inhibited by stress (Gonzales et al 2016), however, 
their precise cellular activity during food intake or negative energy balance - e.g., 
fasting, which has been shown to increase MCH neurons (Qu et al, Lembo) - remains 
to be characterized using imaging technologies. 
  
Beside the LHMCH cells that are predominantly GAD+, LHVGAT cells (these are MCH-
) have also been identified as a crucial component of appetite. Local manipulation of 
LH neurons by infusion of GABAA agonist mediates suppression of food intake and 
decrease body weight, while GABAA antagonists actually elicit eating in sated rats 
(Bernardis and Bellinger, 1993). These results contrast with recent optogenetic 
studies. Indeed, optogenetic stimulation showed that activation of LHVGAT induced 
food intake, consistent with electrical studies, and optical self-stimulation (Jennings et 
al., 2015), while activation of LHvglut2 has the opposite effect (Jennings et al., 2013; 
Stamatakis et al., 2016). Genetic ablation of these cells produce behavior consistent 
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with gain-of-function approaches (Jennings et al., 2015; Stamatakis et al., 2016). 
Together these findings suggest that, first, modulation of neurotransmitters such as 
GABA and Glutamate can generate fast feeding responses such as those observed 
with manipulation of "First order" neurons of the arcuate nuclei; second, genetically 
distinct GABAergic and glutamatergic LH subpopulations can produce a bidirectional 
output signals (i.e., opposing behavioral phenotypes); and third, this may reflect the 
moment-to-moment balance in the activity of glutamate and GABA within the LH. 
 
A circuit perspective on multi-tasking circuits 
As summarized above, many circuits of the brain shared one, two or more functions, 
as do LH neurons control both arousal and food intake, as possibly other unknown 
functions, in the mammalian brain (Table 1). Although there is likely an anatomical 
and functional disparity between LHGAD and LHVGAT neurons, in the following 
section, we will refer to LHGABA cells in general for clarity of our speculation, despite 
obvious diversity amongst those cells. 
 
Function modulated by brain states 
Consistent with a multi-tasking role of LH cells in sleep and metabolism, 
challengeing one or the other often exacerbate metabolism or sleep homeostat, 
respectively. For instance, LHhcrt/ox neurons are important to maintain arousal require 
for food seeking-behaviour (Yamanaka et al., 2003) and exacerbate depression-like 
behavior in fasted animals (Lutter et al., 2008). Similar findings are also true for 
LHMCH modulation of REM sleep during negative energy balance status (Willie et al., 
2008). In line with these findings, recent studies summarized here already support a 
possible multi-tasking role for LHGABA neurons in arousal and metabolism. Indeed, 
acute (< 10 s) optogenetic activation of LHVGAT neurons during NREM sleep is 
sufficient to induce rapid arousal (Herrera et al., 2015) with latency similar to LCNE 
arousal neurons (Carter et al., 2010), while their chronic activation promote sustained 
wakefulness and eventually increases food intake in sated animals (see below; Stuber 
and Wise, 2016).  
 
Although this is purely speculative at the moment, the anatomo-functional diagram of 
LHGABA cell inputs-outputs could contribute to such multi-tasking capabilities. 
Distinct LHGABA cell targets could potentially mediate either arousal and/or food 
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intake. Optogenetic activation of LHVGAT-TRNGABA circuit did recapitulate the major 
arousal effect of LHVGAT somatic activation, however, it is unlikely that the TRN 
target mediates food intake. Instead, other LHGABA targets, in particular the lateral 
habenula (LHb), ventral-tegmental area, local hypothalamic circuits, periventricular 
thalamic nuclei, or brainstem nuclei represent functional targets that may mediate the 
feeding and rewarding effects associated with LHVGAT cells activation (González et 
al., 2016; Kempadoo et al., 2013; Nieh et al., 2015; Stuber and Wise, 2016; Labouebe 
et al, 2016). Note that this was recently shown for LHvglut2-LHb circuits (Stamatakis et 
al., 2016). Of interest, the periventricular thalamic nuclei that promote both arousal 
(although at a slower speed than TRN; Herrera et al., 2015) and food intake (Haight et 
al., 2015; Stratford and Wirtshafter, 2013) may represent a convergent LHGABA target 
for sleep and metabolism multi-tasking. Similarly, brainstem targets, including locus 
coeruleus (Carter et al., 2010) and parabrachial nucleus (Carter et al., 2013), may also 
modulate both arousal and appetite response, possibly through local circuits. Whether 
multi-tasking LHGABA cells belong to distinct cell clusters or a single cluster with 
multiple projections remains to be investigated.  
 
Alternatively and in light of the functional anatomy of hypothalamic neurons and 
LHGABA cells in particular, two circuits-based mechanisms underlying sleep and 
metabolic control could be speculated. First, the activity of LHGABA cell cluster 
governing sleep and metabolism is sequentially organized. In this scheme, they first 
elicit arousal from sleep, which is permissive to the elaboration of food intake 
behavior, while their prolonged activity ultimately induced food intake. Alternatively, 
their activation during wakefulness consolidates arousal, as well as attention and/or 
integration of environmental factors relevant to consumption behaviors (e.g., the 
value of the reward-associated cue; see above). This would ultimately lead to an 
appropriate goal-directed behaviour (food intake) and further adjustment of the 
metabolic state of the organism. The fact that activation of LHGABA cells elicits 
appetite in sated animals suggests that this food intake response is not a consequence 
of the animal being awake, but rather a specific goal response. Upon satiety, the 
activity of LHGABA cells is progressively turned OFF (or undergo specific re-
organization of discharge patterns), sequentially or not, to allow a (post-prandial) rest 
period and the onset of sleep (González et al., 2016). Second, the activity of LHGABA 
cell cluster governing sleep and metabolism is organized in parallel. In this case, and 
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according to the modulatory circuit model of the brain, LHGABA cell clusters targets 
are active simultaneously to promote both arousal and food intake during 
wakefulness. Note that several factors are involved, including:1) unknown functions 
modulated by these clusters - visual attention, motor coordination, etc. - which may 
reinforce the selectivity of the behavioral response; and 2) sequential and parallel 
pathways are not mutually exclusive and may occur simultaneously as well to 
potentiate a given behavioral response. 
Both sequential and parallel mechanisms have been described in the central nervous 
system, including the "First order" and "Second order" neurons in food intake 
(Schwartz et al., 2000), or the ascending reticular activating system in arousal (Brown 
et al., 2012). Despite the sequential or parallel activation of LHGABA cell cluster, the 
synaptic mechanism remains unclear. Direct postynaptic GABAA/B-mediated 
inhibition can result in an indirect net excitation, through dis-inhibition, of arousal 
and/or appetite circuits or a direct inhibition of sleep centers and appetite-suppressing 
systems (Carter et al., 2013). Accordingly, a systematic assessment of vesicular 
content/release and neurotransmission amongst the circuit of interest, one synapse at a 
time, reveal important rules of communication, as shown for LHMCH and LHhcrt/ox 
neurons (Jego et al., 2013; Schöne et al., 2014). 
 
Inputs-outputs LHGABA map 
Part of what defines a sequential vs parallel mechanism is the anatomical and 
functional inputs-outputs diagram of the LHGABA cluster considered. Although, the 
inputs mapping to LHGABA cells remains sparsely described, we hypothesize that 
LHVGAT neurons represent a small cluster of cells that are the monosynaptic targets of 
many cortical and subcortical circuits, similarly to LHMCH or LHhcrt (see González et 
al., 2016; Sakurai et al., 2005; van den Pol et al., 2004). According to the functional 
anatomy of neuromodulatory systems of the brain, they send widespread projections 
to cortical and subcortical structures (Clement et al., 2012; Herrera et al., 2015; Jego 
et al., 2013; Jennings et al., 2013; Nieh et al., 2015; Stuber and Wise, 2016). Thus, 
defining topographical or functional clusters of LHGABA cells - should these belong to 
a LHVGAT and LHGAD clusters or not - controlling arousal and metabolic is an 
important experimental task. Unravelling their specific input-output connectivity and 
the temporal sequence of their cellular activity across spontaneous sleep-wake and 
metabolic states (including food intake) is now a possible with the use of recent 
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imaging technologies. Indeed, subsets of VGAT cells has revealed additional 
functional clusters that not only signal food intake, but also distance to and spatial 
localization of reward targets (Jennings et al., 2015). Imaging effort will undoubtedly 
define the rules of multi-tasking amongst neural circuits.  In these functional circuits 
dissection, one must bear in mind that random, or sustained optogenetic activation of 
circuit that are normally not active during innate or learned behaviors may not reveal 
the true underlying neurobiological mechanism, but rather induced artificial, 
sometimes almost identical, neurophysiological response. In other words, optogenetic 
stimulation parameter should be designed based on the precise firing of the targeted 
cells during food intake or across sleep-wake states. 
 
Despite a strong modulation of sleep and metabolism, the lateral hypothalamus also 
supports other survival functions including fight-or-flight response, stress, anxiety, 
maternal behavior reproduction and reward. Therefore, one can further speculate that 
a single LH circuit integrates additional physiological functions beside sleep and 
metabolism, however the underlying mechanisms await further investigation.   
 
Perspectives 
The LHGABA cells provide a working model to study multi-tasking amongst neural 
circuit in the mammalian brain. Although our understanding of LHGABA cell control of 
sleep and metabolism has progressed over the last years, several challenges remain. 
One of them is to define whether shared functions are integrated within the same 
cellular network, or whether it relies on separate subsets of strongly connected 
neurons within the LH. Equally important if to assess the importance of inputs-
outputs connectivity in delineating distinct or shared cluster cells controlling both 
sleep and metabolism. Whether these are organized in a "convergent-divergent" input-
output or (linear) reciprocal model remains to be determined. The synergistic 
combination of (opto)genetic - both optical imaging and manipulating capabilities - 
with circuit-mapping and precise behavioral screening will decipher the logic rules of 
LH circuit functioning and, ultimately, identify pathophysiological mechanisms for 
combined therapeutic strategies. 
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Table 1: Summary of behavioural responses to activation of distinct LH cell types. 
Cell types 
Energy expenditure 
(metabolic rate) Food intake Arousal NREM sleep REM sleep 
MCH      
Hcrt/Ox      
VGAT -     
VGlut2 -  - - - 
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Figure legend 
Figure 1. Optogenetic probing of the role of LHHcrt/Ox and LHHcrt/Ox neurons in 
arousal and REM sleep in vivo.  
a, Fluorescent images showing the ChR2-mCherry to LHHcrt/Ox neurons using a 
lentivirus strategy. b, Fluorescent images showing cell-specific cre expression (red) in 
MCH neurons (green) in the LH of [MCH::Cre X tdtomato reporter] mouse. Plain and 
open arrowhead indicates Cre+ and Cre- MCH neurons, respectively. c, 5 ms light 
pulse trains (20 Hz; 473 nm) evoked reliable firing of action potential with high 
temporal precision in ChR2-expressing Hcrt neurons in vitro. d, ChETA-eYFP-
expressing MCH neurons respond to optical stimulation in anesthetized transduced 
mice. e, Optogenetically-induced and spontaneous action potentials of MCH neurons 
show similar waveform profiles. f, Optogenetic activation of ChR2-expressing 
LHHcrt/Ox neurons promotes sleep-to-wake transitions in ChR2 animals (N=7) 
compared to controls (N=6). ***, p<0.0001. g, Optogenetic activation (20 Hz) of 
ChR2-expressing LHMCH neurons promotes REM sleep in ChR2 animals (N=6) 
compared to controls (N=6).*, p<0.05, **, p<0.01. h, Optogenetic silencing of MCH 
neurons during REM sleep induced slow theta oscillation in eNpHR3.0 animals, 
suggesting a REM -to-NREM sleep "backward" transition. i, Quantification of slow 
theta oscillations shown in (h) **, p<0.01. Modified from  
 
Figure 2: Hypothalamic feed-forward inhibition of thalamocortical network 
controls arousal and consciousness.  
a, Schematic of genetic targeting and surgical implantation of opto-tetrode (32 ch) in 
the TRN. EEG/EMG are not shown b, Photomicrographs of coronal section showing 
ChETA-EYFP-expressing LHGABA terminals (top) intermingled with GAD-67+ 
cells in the posterior TRN (bottom). Scale bar: 20 μm. c, Average BIC-sensitive 
IPSCs amplitude ± S.E.M of TRN cells upon optical stimulation of ChETA-
expressing LHGABA terminals; Inset: Whole cell voltage-clamp recordings show 
robust BIC-sensitive (back traces) inward photocurrents (grey traces) evoked by 
single 5-ms 473 nm light pulses. d, Representative EEG/EMG/TRN Unit recordings 
during spontaneous NREM sleep-to-wake transition in freely-moving mouse. Note the 
transient quiescence of TRN cell preceding behavioural transition (green box). e, 
Mean latencies of NREM sleep-to-wake transitions upon optogenetic stimulation in 
ChETA (N=7) and control animals (N=5). **, P < 0.001, ***, P < 0.0001. f, 
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Representative EEG/EMG recordings and EEG power spectrum heat map before, 
during and after single 5-s optical stimulation (blue bars) in ChETA-YFP (right) 
animals during deep anaesthesia (1.5% isoflurane). Note the muscle tone that occur in 
ChETA-YFP (2 out of 5 animals). Modified from  
 
Figure 3: Hypothalamic feed-forward inhibition of thalamocortical network 
controls arousal and consciousness.  
Schematic of the feed-forward inhibitory LHGABA-TRN-Thalamocortical arousal 
circuit. Inhibitory inputs (red) from the hypothalamus directly control the activity of 
TRN cell, which further exert a strong inhibitory control over excitatory (green) 
thalamocortical (TC) and cortico-thalamic (CT) cells. INSET shows the anatomical 
inputs to inhibitory cells of the LH and possible parallel and sequential multi-tasking 
outputs. Note that the chemical nature of inhibitory subpopulations of the LH remains 
only partially known.  
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Highlights 
• Hypothalamus circuits support physiological regulation of homeostatic processes. 
• Both peptidergic and GABA/Glutamate neurons from the lateral hypothalamus 
regulate metabolism and sleep-wake states.  
• How single hypothalamic circuit controls sleep and metabolism remains unclear. 
• The functional connectivity of sleep and metabolic circuits awaits further 
investigation. 
 
 
